Introduction: Programmed death 1/programmed death ligand 1 (PD-L1) axis inhibitors have been proven effective, especially in patients with tumors expressing PD-L1. Their clinical efficacy in patients with EGFR-activating mutations is still unclear, whereas KRAS mutations seem to be associated with good response.
Introduction
One of the highest impact breakthroughs of the last few years was the introduction of immune checkpoint inhibitors in the treatment of NSCLC. The impressive clinical activity and duration of response seen in some of the patients with tumors expressing programmed death ligand-1 (PD-L1), the cognate ligand of programmed death 1 (PD-1), an immune checkpoint receptor of tumor infiltrating lymphocytes (TILs), has led to approval of these agents for early NSCLC treatment lines. [1] [2] [3] [4] Although the role of PD-L1 expression level in NSCLC as a predictive biomarker is controversial, tumor PD-L1 expression has been shown to predict up to a 3-fold increase in response to therapy compared with nonexpressers. 5, 6 Two mechanisms of PD-L1 upregulation have been proposed. 7 The first mechanism is the induction of PD-L1 expression in tumors as an adaptive immune resistance to local inflammatory signals. The tumor, predominantly in response to interferon gamma secreted by tumor antigenspecific T cells, induces the expression of PD-L1 by stimulating JAK/STAT pathway. 8, 9 The second mechanism is a result of constitutive oncogenic signaling. Preclinical studies suggest that aberrant oncogenic EGFR and ALK signaling may induce intrinsic PD-L1 upregulation in NSCLC. 10, 11 The exact mechanism of oncogenic PD-L1 induction is still unclear but evidence so far suggests that and MEK/ERK pathway and PI3K/AKT through dysfunction of phosphatase and tensin homolog (PTEN) may be involved. [11] [12] [13] [14] This proposed mechanism of PD-L1 upregulation is further supported by the lower clinical response rates to PD-L1 axis inhibitors across trials in patients with NSCLC whose tumors harbored EGFR mutation with a trend towards lack of a survival benefit over salvage chemotherapy in two phase III trials. 1, 3 This observation suggests that PD-L1 expression may not have uniform predictive value and that PD-L1 oncogenic upregulation may be less predictive than upregulation mediated by immune infiltration. The presence of multiple mechanisms for PD-L1 expression may also explain the conflicting data regarding the correlation of PD-L1 and EGFR mutation status. Several studies have shown a positive correlation between EGFR mutations and PD-L1 overexpression, whereas others have shown the opposite or no correlation at all. 10, [15] [16] [17] [18] When comparing studies by patient populations (Asian or Caucasian only), there is still no consensus regarding the association of PD-L1 expression and EGFR mutation status, whereas PD-L1 expression rate and the frequency of PD-L1 polymorphisms may differ. 19, 20 In contrast, the presence of KRAS mutations appears to be associated with durable clinical response to PD-1 axis agents, possibly due to its association with smoking, and the presence of higher somatic mutation burden and neoantigen density. 21 The presence of KRAS comutations also seems to play an important role to this patient subgroup, with KRAS/TP53 co-mutational status correlating with good response rates, but KRAS/STK11 with very poor outcome. 22, 23 A recent study showed that KRAS mutations can also result in PD-L1 upregulation through the MEK/ERK but not the AKT pathway. 24 Similarly, little is known about TIL populations across mutations in NSCLC. No consistent association has been found between increased TILs and benefit from PD-1 axis treatment in NSCLC, although in melanoma and colorectal carcinoma the pre-existence of CD8þ TILs has been linked to clinical benefit. [25] [26] [27] It is also possible that the functional status or, more specifically, absence of information about the functional status of TIL has also clouded the issue of the association between mutation status and PD-1 axis drug response. Recently, our group has defined a method for in situ assessment of TIL activity. 28 This method requires multiplexed measurement of CD3, Ki67, and granzyme B. Ki67 is measured in CD3þ cells as a marker of T-cell proliferation whereas granzyme B measurement in the same compartment reflects the cytotoxic activity of those cells. By this multiplex panel we can define three immune status classes. The type 1 class has low CD3 (or low TILs) and shows no predictive value. The type 2 is defined as high CD3 with low Ki67 and low granzyme B, suggesting an exhausted or dormant immune status. The type 3 is defined by high CD3 with either high Ki67 or high granzyme B. These are defined as activated TILs, mimicking data from flow cytometric studies in mouse models.
In another previous study from our group, proximity ligation assay (PLA) quantified by the automated quantitative analysis (AQUA) method of automated quantitative immunofluorescence (QIF) was used to detect EGFR and its adaptor protein growth factor receptor bound protein 2 (GRB2) as a surrogate for EGFR activation. [29] [30] [31] Here, we quantitatively measured PD-L1 in a series of NSCLC cases and we assessed the relationship of PD-L1 expression and mutation status. We then combine this data with assessment of the TIL population and their activation status across mutations and in the context of different upregulation mechanisms in PD-L1 expression across different mutation subgroups.
Materials and Methods

Proximity Ligation Assay
PLA has previously been described. 29 In short, fresh 5-mm tissue microarray (TMA) sections were deparaffinized at 60 C for 30 minutes, incubated in xylene (soaking twice for 20 min) and rehydrated with ethanol (twice in 100% ethanol for 1 min, and then in 70% ethanol for 1 min). Antigen retrieval was performed in a pressure-boiling container (PT module, Lab Vision, Fremont, California) with ethylenediaminetetraacetic acid (EDTA) buffer (Sigma-Aldrich, St Louis, Missouri) pH 8.0 for 20 minutes at 97 C. After blocking of endogenous peroxidase with 30% hydrogen peroxide in methanol, slides were incubated with a blocking solution containing 0.3% bovine serum albumin in Tris-buffered saline solution and 0.05% Tween solution for 30 minutes at room temperature. Slides were then incubated overnight with a cocktail of EGFR (D38B1) rabbit monoclonal antibody (Cell Signaling Technology, Inc.) and anti-GRB2 (clone 81) mouse monoclonal antibody (BD Biosciences). Anti-rabbit MINUS and anti-mouse PLUS PLA probes (1:5 dilution, Duolink, Sigma-Aldrich) were used to incubate the slides for 60 minutes at 37 C. Following a 30-minute incubation with 5X Ligation Stock (1:5 dilution, Duolink, Sigma-Aldrich) and Ligase (1:40 dilution, Duolink, Sigma-Aldrich) at 37 C, Amplification Stock 5X (1:5 dilution, Duolink, Sigma-Aldrich) and Polymerase (1:80 dilution, Duolink, Sigma-Aldrich) were added for 120 minutes at 37 C. To generate an amplified signal, TMA sections were incubated for 60 minutes at room temperature with 5X Detection Stock (1:5 dilution, Duolink, Sigma-Aldrich), which contains oligonucleotides complementary to the Rolling Circle Amplification product conjugated with horseradish peroxidase. Cyanine 5 (Cy5) directly conjugated to tyramide (FP1117; Perkin-Elmer) at a 1:50 dilution for 10 minutes was used for signal generation. Conjugated anti-pan cytokeratin eFluor 570 (clone AE1/AE3, eBioscience) was used to demarcate the epithelial compartment. Finally, mounting medium (ProLong Gold; Molecular Probes) containing 4,6-diamidino-2-phenyl-indole (DAPI) was used to detect tissue nuclei. All primary antibodies and the PLA kit are commercially available. To ensure reproducibility, sections from control slides were run alongside each slide staining.
Multiplexed TILs and TIL Activation Immunofluorescence Staining
The multiplexing TIL protocol has been presented before. 32 Briefly, fresh TMA cuts were deparaffinized and subjected to antigen retrieval using EDTA buffer (SigmaAldrich) pH 8.0 for 20 minutes at 97 C in a pressure-boiling container (PT module, Lab Vision). Slides were then incubated in 30% hydrogen peroxide in methanol for 30 minutes at room temperature and subsequently with a blocking solution containing 0.3% bovine serum albumin in 0.05% Tween solution for 30 minutes. Staining for pancytokeratin, CD4, CD8, and CD20 was performed using a sequential multiplexed immunofluorescence protocol with isotype-specific primary antibodies to detect epithelial tumor cells (cytokeratin, clone M3515, 1:100, Dako), helper T cells (CD4 immunoglobulin G [IgG], 1:100, clone SP35, Spring Bioscience), cytotoxic T cells (CD8 IgG1, 1:250, clone C8/144B, Dako), and B lymphocytes (CD20 IgG2a, 1:150, clone L26, Dako). Nuclei were highlighted using DAPI. Secondary antibodies and fluorescent reagents used were goat anti-rabbit Alexa546 (1:100, Invitrogen), anti-rabbit Envision (K4009, Dako) with biotinylated tyramide/ Streptavidine-Alexa750 conjugate (Perkin-Elmer), antimouse IgG1 antibody (1:100, eBioscience, San Diego, California) with fluorescein-tyramide (Perkin-Elmer), antimouse IgG2a antibody (1:200, Abcam, MA) with Cy5-tyramide (Perkin-Elmer). Residual horseradish peroxidase activity between incubations with secondary antibodies was eliminated by exposing the slides twice for 7 minutes to a solution containing benzoic hydrazide (0.136 g) and hydrogen peroxide (50 mL).
Staining for T-cell activation panel included pan-cytokeratin, CD3, Ki67, and granzyme B and was performed using a similar sequential multiplexed immunofluorescence protocol with isotype-specific primary antibodies to detect epithelial tumor cells (cytokeratin, clone M3515, 1:100, Dako), T lymphocytes (CD3 IgG, 1:100, clone SP7, Novus Biologicals, Littleton, Colorado), Ki67 (IgG1, 1:100, clone MIB-1, Dako), and granzyme B (IgG2a, 1:2000, clone 4E6, Abcam). Fresh control slides from morphologically normal human tonsil were included in each staining batch as positive controls and to ensure reproducibility.
PD-L1 Immunofluorescence Staining
Tissue sections were subjected to the same deparaffinization, antigen retrieval, and blocking protocol mentioned above and incubated overnight with a cocktail of the primary target antibody, PD-L1 (9A11, Cell Signaling Technology) mouse monoclonal antibody, and a cytokeratin antibody, rabbit polyclonal cytokeratin antibody (Z0622, Dako). Next, sections were incubated for 60 minutes at room temperature with Alexa 546-conjugated goat anti-rabbit secondary antibody (Molecular Probes, Eugene, Oregon) diluted 1:100 in mouse EnVision amplification reagent (K4001, Dako). Cy5 directly conjugated to tyramide (FP1117; Perkin-Elmer) at a 1:50 dilution for 10 minutes was used for target detection and ProLong mounting medium (ProLong Gold; Molecular Probes) containing DAPI was used to stain nuclei. Control slides were run for reproducibility alongside each experimental slide-staining run.
Quantitative Immunofluorescence
Quantitative measurement of EGFR:GRB2 PLA, PD-L1, TIL markers and TIL activation markers was performed using the AQUA method (Genoptix Medical Laboratory), quantifying fluorescent signal within subcellular compartments (tumor and stroma), as described previously. 31 For the epithelial markers, EGFR:GRB2 PLA and PD-L1, a tumor mask was created by binarizing the cytokeratin signal and creating an epithelial compartment. In the case of TIL markers, CD3, CD4, CD8 and CD20, the area in which the signal was measured was defined by the DAPI staining. TIL activation markers Ki67 and granzyme B were measured in a dilated CD3-positive compartment, defining the T lymphocytes.
The QIF score was calculated by dividing the target pixel intensity by the area of the compartment. QIF scores were normalized to the exposure time and bit depth at which the images were captured, allowing scores collected at different exposure times to be comparable. Serial section slides were used for analyzing the staining and protein expression patterns for the different markers. All tumor spots were visually evaluated and cases with staining artifacts or presence of less than 2% compartment area were systematically excluded.
TMA and Patient Cohorts
Tissue specimens were prepared in a TMA format as previously described. 33 Representative tumor areas were obtained from formalin-fixed, paraffin-embedded (FFPE) specimens of the primary tumor, and 0.6-mm cores from each tumor block were arrayed in a recipient block. FFPE cell line pellets were used as controls.
Yale Tissue Microarray YTMA-310, an NSCLC array that consists of 139 tumor cores from patients with different mutation status, was constructed after pathology reports from 2011-2013 were retrieved. NSCLC patient cases that had complete surgical resection of primary tumor and subsequently molecular testing for common NSCLC mutations were selected for further review. The cases that had adequate residual tumor from primary site were selected and cored. YTMA 310 includes 30 EGFR-mutant, 43 KRAS-mutant, 66 EGFR and KRAS wild-type (EGFR/KRAS WT) patient cases as well as 6 cell line cores (HCC193, A431, HT29, SW480, MCF7, and H2126).
YTMA-356 is an NSCLC array that consists of primary tumors resected between 2010 and 2014 from 43 patient cases that received EGFR tyrosine kinase inhibitors at some point after resection. It includes 35 EGFRmutant, 2 KRAS-mutant, 4 EGFR/KRAS WT, and 2 unknown mutation status patient cases as well as 14 cell line cores (H820, H1648, H1993, H441, H1299, A431, A549, H2882, HCC193, HT29, PC9, MCF7, SKBR3, and H1355).
A serially collected cohort of patient tissues obtained in the Yale Surgical Pathology suite, Yale Cohort A, comprises a sample collection from 516 NSCLC patients who had surgical resection of their primary tumor between 1988 and 2011. From this cohort, only the patients with follow-up information were assessed for EGFR:GRB2 PLA and PD-L1 expression. Clinicopathologic information from patients in the cohort was collected from clinical records and pathology reports. Detailed characteristics of the cohorts' cases that were used are presented in Table 1 . All tissue was used after approval from the Yale Human Investigation Committee protocol #9505008219, which approved the patient consent forms or in some cases waiver of consent.
Statistical Analysis
To correlate QIF scores with EGFR mutation, EGFR:GRB2 PLA status, TIL markers' expression, and TIL activation status, p values were calculated by MannWhitney analysis. Each patient case was represented by two cores of 0.6-mm each and for statistical analysis the maximal marker score obtained from the two available cores of each case was used. For further statistical analysis, the patient cases included in YTMA 310 and YTMA 356 were combined and treated as one cohort to increase statistical power.
Stratification of the cohort patients according to the markers' levels for survival analysis was performed by obtaining the QIF scores of the patient cohorts and splitting them by median value. Patient characteristics were compared using the chi-square test as categorical variables. Overall survival (OS) curves were constructed using the Kaplan-Meier analysis with a follow-up of 60 months and statistical significance was determined using the log-rank test. Multivariable Cox proportional hazards models including age, sex, smoking status, histology, and clinical stage as covariables were performed to determine which factors had a significant impact on OS and assess the independent prognostic significance of EGFR:GRB2 PLA and PD-L1 expression.
TIL activation subgroups were defined by median cutpoint of CD3, Ki67, and granzyme B. More specifically, group 1 includes all patients with low CD3 expression (lower than CD3 median of YTMA 310 and YTMA 356). Group 2 includes patients with high CD3 expression (higher than median) but both Ki67 and granzyme B low levels (lower than median for each of the markers). Group 3 includes patients with high CD3 expression (higher than median) and high Ki67 or granzyme B (higher than median for any of the markers).
All p values were based on two-sided tests and any p < 0.05 was considered statistically significant. Statistical analyses were performed using JMP Pro software (version 11.2.0, 2014, SAS Institute Inc., Cary, North Carolina) and GraphPad Prism v6.0 for Windows (GraphPad Software, Inc., San Diego, California).
Results
The Relationship Between PD-L1 and EGFR:GRB2 Colocalization and Mutation Status in NSCLC Patients
The relationship between PD-L1, EGFR mutation status, and EGFR:GRB2 complex abundance was evaluated in more than 150 NSCLC patient tumor cores with known mutation status. Representative images of two NSCLC cases are shown in Supplementary Figures 1A and B that have high EGFR:GRB2 PLA and high PD-L1 expression. To determine if specific site mutations were associated with PD-L1 expression, we assessed PD-L1 expression split by mutation site and gene. PD-L1 tumor expression was statistically significantly lower in patient cases with EGFR mutation compared to EGFR/ KRAS WT cases (p < 0.0001) and KRAS mutant cases (p ¼ 0.0009). Similarly, PD-L1 stroma expression was lower in EGFR mutant cases compared to EGFR/KRAS WT and KRAS mutant cases (p < 0.0001 and p ¼ 0.0001, respectively) (Figs. 1A and B) .
To assess the EGFR oncogenic pathway relationship with PD-L1 expression, we used EGFR:GRB2 PLA as a surrogate to EGFR activation. Tumor but not stromal PD-L1 expression was found to be higher in the patient cases with strong EGFR:GRB2 PLA signal (p ¼ 0.03), consistent with previous reports suggesting that EGFR pathway may have a significant role in the upregulation of PD-L1 in NSCLC tumors (Figs. 1C and D) . To confirm our findings we used a second independent NSCLC cohort, Yale Cohort A, that included 299 patient cases with evaluable tissue and QIF scores for both (PD-L1 and EGFR:GRB2 PLA) markers. PD-L1 tumor expression was again significantly higher in the high PLA group (p < 0.0001) (Fig. 1E) . Furthermore, stratification of patients by both PD-L1 tumor expression and EGFR activation for survival analysis resulted in four distinct patient groups: a group with low PD-L1 expression and low EGFR:GRB2 PLA, a group with high PD-L1 expression and low EGFR:GRB2 PLA, a group of low PD-L1 expression and high EGFR:GRB2 PLA, and a group with both high PD-L1 expression and EGFR:GRB2 signaling complexes abundance. High tumor PD-L1 with strong EGFR activation was statistically significantly associated with longer 5-year survival rate compared to the group classified as low for both tumor PD-L1 and EGFR:GRB2 PLA (log-rank p ¼ 0.008, hazard ratio [HR]: 0.54, 95% confidence interval [CI]: 0.34-0.85) (Fig. 1F) . The groups that had high expression of only one of the markers did not show any difference in survival compared to the other patient subgroups. Detailed characteristics of the cohorts' cases that were used are presented in Table 1 . The correlation between PD-L1 and EGFR:GRB2 stratification and patient characteristics including age, sex, stage, tumor histology, and smoking status showed no consistent association between PD-L1/EGFR:GRB2 levels and major clinicopathologic variables (Supplementary Table 1) .
Multivariate Cox proportional hazards regression analysis was performed to derive risk estimates related to survival for all clinicopathologic characteristics and PD-L1/EGFR:GRB2 expression (Supplementary Table 2 ). Cases with missing values were excluded from analysis. The high-PD-L1/EGFR:GRB2 PLA group was independently associated with better survival in Yale cohort A. As expected, sex and stage were also shown to be independent prognostic markers.
TIL Populations Across NSCLC Mutations
To characterize the TIL populations across different mutations, we measured CD4, CD8, CD20, and CD3 expression in the NSCLC cohort (YTMA 310 and YTMA 356) with known mutation status. CD4þ expression, reflecting the presence of T-helper cells, was significantly higher in KRAS mutant cases compared to EGFR/KRAS WT (p ¼ 0.0029), whereas the difference with EGFR mutant cases was close to significant (p ¼ 0.06) (Fig. 2A) . Similarly, for the CD8þ expression (cytotoxic T-cells), KRAS mutant cases had higher expression levels compared to both EGFR mutant cases (p ¼ 0.01) and EGFR/KRAS WT (p ¼ 0.07) (Fig. 2B) . The presence of higher levels of CD4þ and CD8þ in patients with KRAS mutation suggests a more inflamed profile of this patient subgroup compared to EGFR mutants or EGFR/KRAS WT patients. The presence of tertiary lymphoid structures has been implicated to play a role in a number of cancer types, including NSCLC. [34] [35] [36] In our patient population, we measured CD20þ expression as a marker assessing the presence of B cells in the tumor microenvironment. CD20þ cell expression was significantly lower in EGFR/ KRAS WT patients compared to EGFR mutant (p ¼ 00026) and KRAS mutant (p ¼ 0.01) patients. Finally, for CD3þ expression, although there was a trend, the difference between KRAS mutants and the other mutation subgroups was not significant (Fig. 2D) . Representative images of multiplexed TIL markers' staining pattern are shown in Supplementary Figures 1C and D .
The most common and well-documented mutations, constituting 80% to 90% of all EGFR mutations in NSCLC, are in-frame deletions in exon 19, which eliminate the conserved motif LREA (residues 747-750), and the exon 21 L858R substitution. [37] [38] [39] Those two major EGFR mutation sites have been shown to have biological differences with the exon 19 deletions being associated with higher sensitivity to EGFR tyrosine kinase inhibitors and longer OS. 40 In our study, we found that there is a difference in the immune profile of those EGFR mutation sites. Exon 21 L858R group were more inflamed tumors compared to exon 19 deletions, with a trend towards higher CD4þ expression (p ¼ 0.11) (Fig. 2E) and a significantly higher CD8þ expression (p ¼ 0.03) (Fig. 2F) . Although there was no significant difference in CD20þ expression, there was a trend (p ¼ 0.11) towards higher CD3þ expression in exon 21 L858R group (Figs. 2G and H, respectively) .
TIL Activation Status Across NSCLC Mutations
The activation state of TILs is often assessed by flow cytometry, but is more challenging in FFPE specimens. In a previous report from our group 41 we showed that three different TIL activation subgroups can be defined in NSCLC patients by the expression of Ki67, a marker of proliferation, and granzyme B, a marker reflecting the levels of the cytotoxic granules. Based on the expression of those markers specifically in CD3þ T-cells, patients can be classified as having low CD3þ T-cell expression to the tumor microenvironment (group 1), high number but inactive CD3þ T-cells by low expression of proliferation (Ki67) and cytotoxicity (granzyme B) markers (group 2), and high number and strong activity of CD3þ T-cells by either high proliferation or cytotoxicity markers' expression (group 3). A representative image of the activation markers' multiplexed immunofluorescence staining is shown in Supplemental Figure 1D and a schematic of the patient subclassification by their TIL activation status is shown in Supplemental Figure 2B . Comparison of tumors split by activation status and mutation status (Fig. 3A) shows that TILs, when present in EGFR mutant tumors, are more commonly inactive (16 cases in group 2 compared to 10 in group 3; 28.6% and 17.8%, respectively). This low immunogenicity was exclusive to EGFR mutant patients, with EGFR/KRAS WT having a much lower percentage (9.1%, n ¼ 5 of 55) of patients belonging to activation group 2. For KRAS mutant patients, the TIL activation profile was completely reversed, with the majority of patients To complement and confirm the activation status of T cells, we compared tumor and stroma PD-L1 expression across TIL activation subgroups (Figs. 3B and C) . Group 3 (active T cells) was statistically significantly associated with higher tumor (p ¼ 0.0014) and stroma (p ¼ 0.02) PD-L1 expression compared to groups 2 and 1 (p ¼ 0.006 and p ¼ 0.0001, respectively). This finding is consistent with the induction of PD-L1 expression in NSCLC as an adaptive immune resistance mechanism to local inflammatory signals.
When comparing EGFR mutation hotspots (Fig. 3D) , the number of cases in each group for exon 19 deletions was: 14 of 22 in group 1, 6 of 22 in group 2, and 2 of 22 patients in group 3. For exon 21 L858R substitutions, there were 11 of 24 in group 1, 7 of 24 in group 2, and 6 of 24 in group 3. Both tumors harboring exon 19 deletions and exon 21 L858R had a high number of cases with inactive T cells (group 2) when TILs were present (n ¼ 6 of 8 and n ¼ 7 of 13, respectively). For group 3 (tumors with activated T cells) the number of patients was higher among the exon 21 L858R substitution compared to exon 19 deletion group (n ¼ 6 of 24 and n ¼ 2 of 22, respectively), a finding that was consistent with the elevated TIL markers expression in this subgroup. Although there was a difference in the immune profile, PD-L1 tumor and stroma expression (Figs. 3E and F) was comparable between the two EGFR mutation sites.
PD-L1 Upregulation Mechanisms Across Mutations
Previous findings have indicated that both high EGFR oncogenic signaling and interferon gamma expression are associated with high PD-L1 tumor expression, although the dependence on each of the two upregulation mechanisms is still unclear. 7 To identify whether either is associated with mutation status, we compared PD-L1 tumor expression in each mutation group by both TIL activation and EGFR pathway activation. In EGFR mutant patients, group 3 TIL activation was not associated with higher PD-L1 expression (Fig. 4A) . Conversely, high EGFR activation by EGFR:GRB2 PLA was statistically significantly correlated with the higher PD-L1 expression (p ¼ 0.0025) (Fig. 4B) . In EGFR/KRAS WT patients, only TIL activation had a statistically significant correlation with PD-L1 expression (p ¼ 0.012) (Fig. 4E) , whereas EGFR activation was not associated with higher PD-L1 tumor expression (Fig. 4F) . In KRAS-mutant patients none of the suggested upregulation mechanisms was correlated with high PD-L1 expression, suggesting that PD-L1 regulation is not clearly dependent on any of these upregulation mechanisms (Figs. 4C and D) .
Discussion
NSCLC is one of the malignancies with the highest mutational burden. 42 It has been shown that the mutational landscape and neo-antigens increase the response rate to PD-1 axis inhibitors. 21 In the case of EGFR mutant tumors, although the mutational burden is low, PD-L1 expression has been reported to be high in some cases, suggesting a regulation mechanism mediated by the EGFR oncogenic signaling pathway rather than an adaptive process by induction with local inflammatory signals. 7, 10 In previous studies, it was shown that detection of the EGFR and GRB2 complexes by PLA is indicative of the receptor's activation and it is independent of the overall EGFR expression and mutation status. 29, 43 PD-L1 expression as a biomarker to PD-1 axis treatment is far from optimal. Efforts for the discovery of new markers and assays that would improve patient selection are ongoing. Tumor mutation burden, a method of measurement of total number of mutations per tumor genome coding area, has shown promising results as a predictive biomarker to immunotherapy in advanced cancers, including NSCLC for first-line treatment with nivolumab plus ipilimumab. [44] [45] [46] Similarly, the development of effector T-cell gene expression (Teff GE) signatures can successfully select subgroups of patients with improved benefit. [47] [48] [49] [50] However, further standardization is needed before those novel approaches can be implemented in clinical practice.
Currently, PD-L1 expression remains the most widely used biomarker for selection of responders to PD-1/PD-L1 checkpoint inhibitors although many patients, even in the lower tumor PD-L1 expression subgroups, have shown response. 51 One possible explanation could be the biological role of PD-L1 itself, since as a cancer immune escape mechanism it could indicate immune pressure by tumor microenvironment and consequently indirectly predict the efficacy of the PD-1 axis treatment. However, PD-L1 expression has been shown to be also associated with EGFR oncogenic signaling activity that is independent of the immune pressure. In this case, PD-L1 expression would not necessarily reflect TILs potential activity in the tumor microenvironment.
Recent data suggest that EGFR-mutated patients are less likely to benefit from PD-1 axis blockade. A recent meta-analysis that included randomized clinical trials comparing nivolumab, pembrolizumab, or atezolizumab with docetaxel reported that checkpoint inhibitors did not offer any survival benefit for the patients with EGFR mutant tumors and, interestingly, there was a trend (not reaching statistical significance) towards worse OS (HR: 1.11, 95% CI: 0.80-1.53). 52 However, in this metaanalysis, PD-L1 expression was not used to further stratify patients carrying EGFR mutations. Similarly, another retrospective study reported a negative association between EGFR mutation and response rates to PD-1/PD-L1 inhibitors. 16 In the same study, PD-L1 expression was lower in the EGFR-mutant group compared to a control KRAS-mutant patient group, although the difference was not statistically significant due to limited power. However, in a recent phase 3 clinical trial, patients with EGFR and ALK genetic alterations showed improved progression-free survival (HR: 0.59, 95% CI: 0.37-0.94) and 46% reduction in the risk of death (HR:0.54, 95% CI: 0.29-1.03) in the group receiving atezolizumab, carboplatin, paclitaxel, and bevacizumab versus the group that received only chemotherapy with bevacizumab, and the benefit was observed despite lower PD-L1 expression in this population. 47, 48 This study highlights the importance of combination treatment, especially in patients who would not benefit with single checkpoint inhibition and the urgency to elucidate pathways' crosstalk and biomarker correlations that could generate hypotheses for future clinical trials.
Here, we showed that PD-L1 expression was significantly lower in EGFR-mutant NSCLC patients compared to EGFR/KRAS WT-and KRAS-mutant patients. Although both EGFR signaling activation and immune pressure were associated with higher PD-L1 tumor expression as suggested upregulation mechanisms, in the EGFR-mutant patient group, only EGFR activation was associated with high PD-L1 expression, whereas T cells in most patient cases were inactive as defined by low proliferation and cytotoxicity marker expression. This suggests that PD-L1 expression in this mutation subgroup probably only reflects the oncogenic, EGFRdriven PD-L1 expression rather than the underlying T-cell activity. This observation provides a potential explanation for lack of response in PD-1 axis inhibitor trials even with high PD-L1 expression. Additionally, in our study, stratification of patients by PD-L1 expression and EGFR activation showed different survival rates between subgroups. Further research is required to study potential synergistic activity of those markers.
Previous studies on KRAS-mutant tumors have attempted to compare immune markers' expression and TIL populations to other genomic alteration patient groups. A recent study reported a high prevalence of concurrent PD-L1 expression and abundant CD8þ TILs in KRAS-mutant patients. 53 The high CD8þ abundance in this group compared to EGFR-mutant patients was further confirmed by Busch at al. 54 Conversely, other studies have failed to show any correlation between KRAS mutation and immunophenotype. 55, 56 In our study, we saw a significantly higher immune response of the KRAS-mutant patients compared to EGFR-mutant patients and those with EGFR/KRAS WT. However, it is unclear whether this difference in immunogenicity is due to the mutation itself or the high neo-antigen presence, whereas the presence of KRAS co-mutations was not assessed in our study. PD-L1 expression was also found to be high in KRAS-mutant tumors, but there was no statistically significant association with activated TILs or EGFR activation. Chen et al. 24 reported that KRASmutant tumors could also result in PD-L1 upregulation through the ERK pathway in NSCLC. Thus, although the inflamed profile of KRAS-mutant tumors suggests that PD-L1 could be a induced as an acquired immune resistance mechanism, in our study we did not find any clear association with either of the PD-L1 upregulation mechanisms although the EGFR:GRB2 PLA assay would not be able to assess accurately KRAS oncogenic PD-L1 induction. In any case, the KRAS-mutant patient group could be a good candidate for any immune therapy that would potentially increase T-cell efficacy by blocking immune escape mechanisms.
There are several limitations to this study. The most significant is that the cohort did not include any patients treated with PD-1 axis inhibitors. Thus, we were unable to evaluate the predictive potential of the assay and whether PD-L1 expression correlated with any of the suggested upregulation mechanisms would increase the predictive value of PD-L1. A second limitation is the fact that the assays were performed entirely on TMAs. Immune marker assessment in the setting of TMAs can be challenging due to the high heterogeneity, especially with markers such as PD-L1. For this study, we used two TMA cores representing each patient to minimize sampling errors. Although TMAs are often used for large cohort studies, and considered representative, they are never used in a true clinical setting. However, in other studies, we have shown that whole slides can be easily measured using quantitative fluorescence in the same manner used here for TMAs. 57 Studies are underway to determine the area of tumor needed to represent TILs and to predict response to PD-1 axis therapy.
In conclusion, there is significant difference in the immune cell populations across mutations and EGFR mutation sites in NSCLC, with PD-L1 expression having stronger association with different upregulation mechanisms in each mutation group. We hope that further validation on clinical trial tissue, this tool, or a similar proximity tool, can provide a method to further classify PD-L1 tumor expression to EGFR signaling activity and TIL activity and guide therapeutic decisions in tumor mutation subgroups.
